ABSTRACT. The pathogenesis of neonatal necrotizing enterocolitis is unknown, but a possible role for reactive oxygen metabolites has been postulated. We evaluated whether developmental differences exist in the levels of 1 ) the free radical-generating enzyme xanthine oxidase, 2) granulocyte peroxidase, an index of the resident granulocyte population, 3) free radical-scavenging enzymes (superoxide dismutase, catalase, and glutathione peroxidase), and 4) reduced glutathione, an endogenous antioxidant, in the ileal and colonic mucosa of 1-d-old, 3-d-old, 2-wk-old, and 1-mo-old piglets. We found no xanthine dehydrogenaseloxidase activity in 1-d to 1-mo-old piglets. Mucosal granulocyte peroxidase activity was higher in older animals, indicating that there was an age-dependent infiltration of granulocytes (eosinophils, neutrophils) in the distal bowel. The peroxidase activity per circulating granulocyte, however, did not vary with age. Superoxide dismutase activity was significantly higher in 1-d-old piglets than in all older age groups; glutathione peroxidase activity was significantly lower in 1-d-old animals than that of older age groups. There was no detectable catalase activity in the mucosa when tissue was corrected for catalase activity of blood. Finally, ileal GSH levels were significantly lower in 1-d-old than in 2-wk-old and 1-mo-old animals, whereas colonic reduced glutathione activity did not differ among age groups. In conclusion, the distal bowel of the neonatal piglet appears to have a limited capacity to generate oxidants via xanthine oxidase and resident granulocytes. However, the neonatal piglet intestine has a lower capacity to detoxify hydrogen peroxide than that of older animals. (Pediatu Res 25: 61 2-616, 1989) Abbreviations SOD, superoxide dismutase CAT, catalase GSH, reduced glutathione GSH Px, glutathione peroxidase ciated with phagocytic leukocytes (neutrophils, eosinophils, and macrophages) (4). Xanthine oxidase and activated phagocytes produce large quantities of cytotoxic oxidants including superoxide, hydrogen peroxide, and possibly hydroxyl radicals (6). Cellular enzymatic defense mechanisms against these oxidants include SOD, which dismutates the superoxide anion to hydrogen peroxide and oxygen; and CAT and GSH Px, which detoxify hydrogen peroxide (7). Another important oxidant defense is GSH, which serves both as a cosubstrate for the GSH Pxcatalyzed decomposition of hydrogen peroxide, and as a free radical scavenger (8).
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The pathogenesis of neonatal necrotizing enterocolitis is unknown, but infectious agents/immunologic factors, enteral alimentation, and mesenteric ischemia are fequently invoked as primary initiators of the disease (9, 10) . A role for reactive oxygen metabolites in the etiology of necrotizing enterocolitis has recently been postulated (1 1 -14), with xanthine oxidase implicated as the primary source of oxygen radical production in this disease of the distal bowel (1 1, 13, 14) . Thus, the objective of this study was to determine whether the capacity of the distal piglet intestine to produce and protect against oxygen-derived free radicals changes significantly during development.
MATERIALS AND METHODS
Hampshire/Yorkshire piglets of either sex were divided among 1-d-old (n = 5, 1.1 + 0.1 kg), 3-d-old (n = 5, 1.5 k 0.1 kg), 2-wk-old (n = 5, 5.0 + 0.2 kg), and 1-mo-old (n = 6, 6.1 5 0.4 kg) animals. One young adult pig (7-mo-old, 36.8 kg), in which intestinal tissue could be harvested in an identical manner to that of the younger piglets, was used as an adult comparison. The 1-d-old piglets were not allowed to nurse before the experiment. All other viglets were fasted for 14 (3-d-olds) or 24 (all older piglets) before the experiment. After htramuscular injkction of ketamine hydrochloride (20 mg/kg) and xylazine (2 mg/ kg), the animals were anesthetized with intravenous sodium pentobarbital (1 5 mg/kg).
Suraical urocedurelsam~le collection. The animals were arti-, ficiall; ventilated via a tracheostomy. A cannula was inserted into the left carotid artery to monitor blood pressure and obtain blood samples. A total of 6 mL of blood was removed, one-half A substantial body of experimental data supports the hypoth-frozen for later biochemical assay and one-half used for isolation esis that reactive oxygen metabolites mediate the microvascular of circulating neutrophils. The abdomen was then opened and mucosal permeability changes observed after reperfusion of through a midline incision. Segments of the distal ileum and the ischemic intestine in adult animals (1-5). The two major proximal spiral colon were removed and rinsed with isotonic sources of oxygen-derived free radicals in the postischemic intes-saline. The mucosa/submucosa was separated from the muscutine are xanthine oxidase (1-3) and the NADpH-oxidase asso-laris/serosa via blunt dissection, snap-frozen in liquid nitrogen, and stored at -70°C until assayed. The animals were killed with 613 wt 400 000) in PBS (pH 7.4, 37°C) in a plastic syringe. The red blood cells were allowed to settle for 20 min at room temperature; the leukocyte-rich supernatant was then removed and centrifuged (10 min, 2000 rpm, 4°C). After discarding the supernatant, the pellet was resuspended in ice-cold hypotonic buffer containing 10-mM KHC03, 154-mM NH4C1, 0.14-mM EDTA (pH 7.2) and incubated at 4°C for 10 min to lyse contaminating erythrocytes. The suspension was then centrifuged (10 min, 2000 rpm, 4°C) and the pellet was resuspended in cold PBS and placed on ice. An aliquot of cells was mixed with 3% acetic acid, stained with 0.0 1 % crystal violet, and the leukocytes were counted. The cells were suspended in 1 % hexadecyltrimethylammonium bromide at a concentration of lo6 granulocytes/mL and frozen at -70°C. Biochemical Assays. Xanthine dehydrogenase/oxidase activity.
Activity was determined in the mucosa/submucosa by the method of Waud and Rajagopalan (1 7). Tissue samples (on ice) were homogenized (10% wt/vol) in 50 mM potassium phosphate buffer (pH 7.8), containing 0.25-M sucrose, 1-mM EDTA, 0.2-mM phenylmethylsulphonyl fluoride and 0.5-mM dithiothreitol, centrifuged (20 min, 10 000 rpm, 4"C), and the supernatant was applied to a Sephadex G-25 column to remove low mol wt inhibitors. The enzyme was assayed using xanthine as the substrate in 50-mM phosphate buffer (pH 7.8), in the presence of NAD to measure total xanthine dehydrogenase + xanthine oxidase activity, and in the absence of NAD to measure only xanthine oxidase activity. Enzyme-catalyzed uric acid formation was then monitored spectrophotometrically (Perkin-Elmer Lambda 3B UV/Vis Spectrometer, Nonvalk, CT) at 295 nm, with activity expressed as mU/g dry wt of tissue. Activity of 1 U was defined as the amount of enzyme present that produces 1 pmol of urate/min at 25°C. Granulocyte peroxidase activity. Peroxidase activity was determined by the method of Grisham et al. (4) in which samples of mucosa/submucosa (on ice) were homogenized (10% wt/vol) in 20-mM potassium phosphate buffer (pH 7.4) and centrifuged (1 5 min, 10 000 rpm,. 4°C) to pellet the insoluble cellular debris. The supernatant, which contained <5% of total peroxidase activity, was discarded. The pellet was then rehomogenized in 50-mM potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide and 10-mM EDTA. After twice freezing and thawing, the peroxidase activity was assessed by measuring the hydrogen peroxide-dependent oxidation of 3-3'-5-5'-tetramethylbenzidine at 37°C (18) . Enzyme activity of 1 U was defined as the amount of peroxidase present that produced a change in absorbancelmin of 1.0 at 655 nm.
For measurement of peroxidase activity in circulating granulocytes, cells were thawed and made 2-mM with respect to EDTA. Cells were then homogenized, twice frozen and thawed, and assayed for peroxidase activity as described above for tissue samples.
SOD activity. Total SOD activity was measured using the method of McCord and Fridovich (19) , in which samples of mucosa/submucosa or whole blood (on ice) were homogenized (10% wt/vol) in 20-mM potassium phosphate buffer (pH 7.4), containing 0.1 % Triton X-100 and 0.1 mM EDTA, and centrifuged (20 min, 12 000 rpm, 4°C). The supernatant was saved for measurement of SOD, CAT, and GSH Px activities and Hb concentration. SOD in the clarified supernatant was monitored for its ability to inhibit superoxide-dependent cytochrome c reduction. Superoxide was produced by the reaction of xanthine oxidase with xanthine in 50-mM potassium phosphate buffer (pH 7.8) containing 0.1-mM EDTA and 15 pg/mL of catalase. Sodium cyanide (10 pM) was included in the reaction vol to inhibit cytochrome oxidase. SOD of 1 U was defined as the amount of enzyme present that inhibits the rate of cytochrome c reduction by 50% at 25°C. Catalase activity. CAT activity in the clarified supernatant of tissue or whole blood was determined according to the method of Aebi (20), in which the catalytic activity was followed by the decrease in absorbance at 240 nm in the presence of 10-mM hydrogen peroxide. Catalase activity of 1 U was defined as the amount of enzyme present that decomposes one pmol of hydrogen peroxide/min at 25°C. Glutathione peroxidase activity. GSH Px activity was assessed by the method of Paglia and Valentine (2 l), in which the clarified supernatant of tissue or whole blood was monitored for its ability to catalyze the oxidation of glutathione by hydrogen peroxide using the glutathione reductase-recycling assay. NADPH oxidation was used to follow the reaction and was monitored by the decrease in absorbance at 340 nm. Sodium azide (0.1 mM) was included in all assays to inhibit endogenous catalase activity. Activity of 1 U was defined as the amount of enzyme present that catalyzed the oxidation of 1 pmol/min of NADPH.
Reduced glutathione content. GSH (acid-soluble sulfhydryl) content of intestinal mucosa/submucosa was measured using the method of Sedlak and Lindsey (22) . Samples were homogenized (10% wtlvol) in 20-mM EDTA (pH 4.7), an aliquot of tissue homogenate added to ice cold 10% trichloroacetic acid and vortexed for 15 s. Protein precipitate was removed by centrifugation, the supernatant was neutralized by the addition of a small aliquot of 10-N NaOH, and GSH content was determined by its reaction with 5-5'-dithiobis-(2-nitrobenzoic acid) to yield the yellow chromophore, 5-thio-2-nitrobenzoic acid (TNB), assuming an extinction coefficient of 13 600 M-' s-' for TNB at412 nm. ANOVA revealed differences among age groups. Differences Table 1 . Whole blood superoxide dismutase, catalase, and
were considered significant at p < 0.05.
glutathione peroxidase activity

RESULTS
No xanthine oxidase activity was detected in the ileal or colonic mucosa/submucosa of piglets from I d to 1 mo of age; however, in the 7-mo-old young adult pig, small amounts of xanthine oxidase activity were present in both ileum (61 mU/g dry wt) and colon (66 mU/g dry wt).
The activity of granulocyte peroxidase in the ileum and colon of the developing piglet increased markedly as the piglet matured (Fig. IA) , whereas the amount of peroxidase per granulocyte did not significantly vary with age (Fig. 1 B) .
The activities of superoxide dismutase and glutathione peroxidase in the ileum and colon are illustrated in Figures 2 and 3 , respectively. The intestine of I-d-old piglets had a greater ability to dismutate superoxide to hydrogen peroxide and oxygen than the intestine of older piglets (Fig. 2) , yet it had a lower capacity to detoxify hydrogen peroxide (Fig. 3 ). Significant levels of intestinal catalase activity were not present in any age group after subtracting the activity contributed by whole blood trapped within the tissue. Activities of SOD, CAT, and GSH Px in whole blood are shown in Table I. Table 2 lists the Hb content in tissue and whole blood, and the wet/dry wt ratio for the intestinal tissue.
Reduced glutathione was significantly lower in the ileum of 1-d-old than 2-wk-old and I-mo-old piglets, whereas levels of GSH in the colon were not significantly different among age groups (Fig. 4) .
Except for xanthine oxidase, the results of all assays on tissues derived from the young adult pig were directionally consistent with data obtained from 1-mo-old animals.
DISCUSSION
Reactive oxygen metabolites play an important role in normal cellular metabolism, most notably as intermediates in mitochondrial and microsomal electron-transport systems (8) . More than 90% of the molecular oxygen consumed by most cells is reduced by the mitochondria1 electron transport chain to form water, with the remaining oxygen metabolized to form reactive oxygen species. Under normal conditions, tissues are protected from these oxygen-derived free radicals by the action of certain antioxidant enzymes and scavengers. In adult animals, the digestive system is particularly well-endowed with the enzymatic machinery capable of generating significant quantities of reactive oxygen metabolites. For example, in most species the intestine and liver are the richest sources of xanthine oxidase (25) , an enzyme that catalyzes the production of both superoxide anion and hydrogen peroxide. Xanthine oxidase activity in the small intestine is primarily located within the mucosa, with a gradient of activity from villus tip to base (26) . In addition, the intestine contains a large resident population of phagocytic cells (neutrophils, eosinophils, macrophages), which, when activated, produce considerable quantities of superoxide, hydrogen peroxide, and hypochlorous acid (27) . Oxidants generated by either xanthine oxidase or activated phagocytes can injure cells by a variety of mechanisms.
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These include lipid peroxidation, degradation of the extracellular matrix, protein and carbohydrate decomposition, and DNA strand breakage (8) . Nonetheless, the intestinal epithelium is protected by the presence of certain enzymes such as superoxide dismutase, glutathione peroxidase, reduced glutathione, and atocopherol (28-3 1) .
A large body of experimental data supports a role for oxygenderived free radicals in the pathogenesis of ischemia/reperfusion injury in the intestine of adult animal models (1) (2) (3) (4) (5) . Based on these studies and the postulated role of mesenteric ischemia as a factor in the pathogenesis of necrotizing enterocolitis, reactive oxygen metabolites have been suggested as etiologic factors in development of this disease (1 1-14) . Premature infants are exposed to numerous hypoxic stresses, which, theoretically, may lead to the formation of hypoxanthine from the metabolism of ATP, and the conversion of xanthine dehydrogenase to xanthine oxidase. On improvement of oxygenation, xanthine oxidase may catalyze the conversion of hypoxanthine to urate and superoxide anion (1 1, 14) . This scheme assumes that xanthine dehydrogenasejoxidase is present in the neonatal intestine.
Our study does not support a role for xanthine oxidase as a source of reactive oxygen metabolites in the terminal ileum and colon of the developing piglet. Although present in adult hogs, the total absence of any xanthine dehydrogenase/oxidase activity in the developing animal precludes its role in intestinal ischemia/ reperfusion injury in young swine. Xanthine oxidase activity does appear to be present, however, in the intestine of fetal and neonatal rats, but at a 2-to 3-fold lower level than that present in adult animals (12) . It should be noted that adult levels of xanthine dehydrogenase/oxidase activity in the rat are quite high (405-470 mU/g wet wt), compared to other species (32), including swine (12 mU/g wet wt; this study). Significant levels of xanthine dehydrogenase/oxidase have been measured in ileum (98 mU/g wet wt) and colon (19 mU/g wet wt) in adult humans (Crissinger KD, unpublished data). It is unknown, however, whether significant xanthine dehydrogenase/oxidase activity exists in the intestinal mucosa of premature and newborn infants. If the human neonate is similar to newborn swine with respect to xanthine oxidase activity, then it is less likely that oxidants play a role in the pathogenesis of necrotizing enterocolitis.
The significantly lower level of granulocyte peroxidase activity in the intestine of the newborn piglet, as compared to older age groups, also does not support the postulation that the newborn piglet intestine is more vulnerable to oxygen radical-induced injury than that of older animals. This lower number of resident granulocytes in the mucosa does not, however, preclude the possibility of a role for injury induced by granulocytes which may migrate into the tissue during ischemic or other stresses.
The results obtained in this study also suggest that the neonatal piglet intestine is predisposed to hydrogen peroxide-induced cell injury due to the absence of catalase, coupled with the low glutathione peroxidase activity, and the high basal superoxide dismutase activity. Because the product of SOD-catalyzed dismutation of superoxide is hydrogen peroxide and oxygen, one would expect higher fluxes of hydrogen peroxide within the neonatal piglet enterocyte than in that of older animals, based on the high basal superoxide dismutase activity in newborn piglets. Several studies have demonstrated that hydrogen peroxide is more cytotoxic than superoxide toward various types of cultured cells (33) (34) (35) (36) (37) . This observation may be explained by differences in the stability, chemical reactivity, and lipophilicity of these oxidants. For example, superoxide rapidly dismutates at neutral pH to form hydrogen peroxide and oxygen, whereas hydrogen peroxide, a stable and lipophilic compound, readily gains access to the intracellular compartment. Once within the cell, hydrogen peroxide interacts with iron to form a more reactive free radical, which in turn initiates cell injury (33, 34) . Thus, if the neonatal piglet intestine is exposed to a source of superoxide or hydrogen peroxide (e.g. from xanthine oxidase found in milk), the level of antioxidants may be insufficient to provide protection against hydrogen peroxide-induced cellular injury.
In conclusion, the distal ileum and colon of the neonatal piglet has a limited capacity to generate oxidants via xanthine oxidase and resident granulocytes within the mucosa/submucosa. One may speculate that if these findings hold true for the premature infant, the generation of oxygen-derived free radicals within the distal bowel appears unlikely to play a role in necrotizing enterocolitis. Should the neonatal piglet intestine be exposed to other sources of hydrogen peroxide, however, its capacity to detoxify this reactive oxygen metabolite is minimal.
